We have compared two methods for separating the isoenzymes of creatine kinase in serum and measuring theiractivity: chromatography on diethylaminoethyl-. Sephadex A-50,withbothContinuous and discontinuous gradient elution, and electrophoresis on cellulose acetate.Resultsby continuous and discontinuous gradient elutlon correlated well both for tissue extracts and sera. Electrophoresis on cellulose acetate is evidently less sensitive than the chromatographic method for detecting and measuring low activities of the isoenzyme designated MB. We describe how the isoenzymes may be separated by discontinuous gradient elution from microcolumns of the Sephadex and their activity rapidly quantitated by the Rosalki method [J. Lab. Gun. Med. 69, 696 (1967) So far, most methods that have been used to estimate CK isoenzyme activity have involved separating them by electrophoresis on cellulose acetate or other media and then quantitation by scanning the fluorescent patterns obtained after coupling to an NADPH-producing system (1-5, 7, 8). Mercer (6) has described a chromatographic technique for this determination that is adaptable to routine clinical use. The technique involves discontinuous gradient elution of the isoenzymes from micro-columns of DEAESephadex A-50 and estimating their activity, by the method of Rosalki (9), with a semi-automated spectnophotometer.
So far, most methods that have been used to estimate CK isoenzyme activity have involved separating them by electrophoresis on cellulose acetate or other media and then quantitation by scanning the fluorescent patterns obtained after coupling to an NADPH-producing system (1-5, 7, 8) . Mercer (6) has described a chromatographic technique for this determination that is adaptable to routine clinical use. The technique involves discontinuous gradient elution of the isoenzymes from micro-columns of DEAESephadex A-50 and estimating their activity, by the method of Rosalki (9) , with a semi-automated spectnophotometer.
Here, we have evaluated Mercer's method by comparing it with continuous-gradient elution chromatography on DEAE-Sephadex A-50. Evidence is also presented indicating that the technique is more sensitive than electrophoresis on cellulose acetate, especially when the activity of a CK isoenzyme is very low with respect to another, as is frequently the case with the CK isoenzyme that originates from the heart (the "MB" isoenzyme) and is present in serum after myocardial damage.
We describe a method similar to that of Mercer, modified to increase its sensitivity and render it more adaptableto routineuse.CK activity was estimated with a centrifugal analyzer, which allowed rapid, large-scale quantitation of CK activity in the eluates; isoenzymes from 22 sera could be separated and assayed within 5 h.
Materials and Methods

Tissues and Serum Specimens
Human serum specimens were separated from whole blood within an hour after collection and stored at 4 #{176}C, if they were to be processed on the same day, or otherwise at -20 #{176}C. CK isoenzyme determinations on sera that were frozen and thawed four times during a month showed no significant differences. Specimens of human heart and skeletalmuscle sere obtained during surgery. We also examined samples of dog heart and brain, pig heart, and baboon heart. Tissues were homogenized as described by Klein et al. (3) in a solution containing, per liter, 0.25mol of sucrose, 1 mmol of ethyleneglycol-bis-(3-aminoethyl ether)-N,N'-tetraacetic acid (pH 7.4), 10 mmol of tnis(hydroxymethyl)aminomethane (pH 7.4), and 1 mmol of mercaptoethanol. Cellular debris was removed by centrifuging twice (16 000 X g, 15 mm) and the clearsupernatant fluidwas stored at -20 #{176}C untilused.
Chromatography of CK isoenzymes
Sera and tissue extracts were chromatographed by discontinuous elution from DEAE-Sephadex A-SO, essentially as described by Mencer (6) . One-milliliter aliquots of sera or tissue extracts containing as much as 4 U of CK activity were loaded on 0.6 X 6 cm micro-columns of the anion exchanger equilibrated with 0.1mol/liter NaC1-50 mmol!literTnis (pH 8.0). The glassmicro-columns were custom made, fitted on the top with 15-ml reservoirs for the eluents. After the samples were applied to the columns, the three CX isoenzymes (MM, MB, and BB) were eluted with solutions containing 0.1 mol/liter NaCl-50 mmol/ liter Tris (pH 8.0), 0.2 mol/liter NaCl-50 mmol/liter Tris (pH 8.0), and 0.4 mol/liter NaC1-50 mmol/liter Tris (pH 7.0), respectively. Eluates were collected in graduated tubes, containing volume of 10 mmol/ liter mercaptoethanol.
Elution was allowed to proceed until volumes of 15, 11, and 8 ml were obtained, respectively.
The large volumes of eluate were found to be necessary to prevent contamination of the isoenzymes with each other, especially when the MM! MB isoenzyme ratio was very high (>10). Chromatography of sera and tissue extracts by continuous-gradient (sucrose-gradient type) elution was performed on 0.6 X 6 cm micro-columns of DEAE-Sephadex A-50 (Pharmacia Labs. Inc., Piscataway, N.J. 08854). A linear gradient of 0.10 to 0.35 moli'liter NaC1 in 50 mmol/liter Tnis (pH 8.0) was used forall tissue extracts and sera, except brain extracts, for which it was found necessary to decrease the pH of the 0.35 mol/liter NaC1 solution to 7.0, so that the BB isoenzyme would be completely eluted. The gradientwas establishedby placing 12 ml of each bufferinthe two compartments ofa micro-scale gradient maker and connectingthe outletfrom the buffered0.1mol/liter NaC1 to the top of the column with Tygon tubing (1 mm i.d.). The 0.1 mol/liter NaCI solutionwas mixed by mechanical stirring with a micro-spatula of stainless steel mounted on a variable speed motor (Tni-R Instruments, Inc., Rockville Centre, N. Y. 11570). One milliter of the serum or tissue extract was normally loaded on the column and washed with two 1-ml aliquots of 0.1 mol/liter NaC1-0.05 mol/liter Tris buffer. The eluate and two washes were collected separately in three graduated tubes containing0.05ml of 10 mmol/litermercaptoethanol, and treatedas fractions 1,2,and 3 of the elution pattern because they contained an appreciable portion of the MM band. After the start of gradient elution, 1-ml fractions were collected in graduated tubes containing 50 Ml of the mercaptoethanol solution. CK activity of the eluates in the presence of mercaptoethanol was stable for at least two weeks when kept at 4 #{176}C.
Continuous gradientelutionon DEAE-Sephadex A-50 was alsosometimes performed on large1.2X 25 cm columns to process largeamounts of enzyme (40 U). In this case, the gradient was made by placing 120 ml of the 0.1 mol/liter and 0.35 mol/liter NaCl solutions in 150-ml beakers, and contact was established between the two solutions with an inverted U-shaped tube. The 0.1 mol/liter NaC1 solution was stirred with a magnetic stirrer. Four-milliliter fractions of eluate were collected, to each of which 0.2 ml of 10 mmol!liter mercaptoethanol was added.
Assay for CK Activity CK activity was estimatedwith a centrifugal analyzer (GEMSAEC; Electronucleonics Inc., Fairfield, N. J. 00706) by the kinetic method of Rosalki (9), using the Spin Chem reagent manufactured by Smith Kline Instruments, Palo Alto, Calif. 94306. Normally a 100-Ml aliquot of each sample (serum, tissue extract, or column eluate), containing up to 25 mU of CK activity, was pipetted into well B of the analyzer disc. Owing to substrate depletion, samples containing CK activity greater than 25 mU per 100 Ml were diluted with a solution containing, per liter, 0.1 mol of NaC1, 0.05 mol of Tnis (pH 8.0), and 10 mmol of mercaptoethanol. A 500-sl aliquot of the CK reagent was then pipetted into each of the C wells and, after the run was started, the rate of production of NADPH at 37 #{176}C was determined from the change in absorbance at 340 nm. After a lag period of 3 mm the first reading was taken, after which the reaction was monitored for eight 1-mm intervals.
EleCtrophoresis of CK lsoenzymes
Electrophoresis was performed at pH 8.8on celluloseacetateby the Zip Zone CK isoenzyme procedure of Helena Laboratories,Beaumont, Texas 77704. Usually about 0.2to 1 zl of sample was appliedand electrophoresis performed at 4 #{176}C for 10 mm at 300 V. Afterelectrophoresis, the strips were layeredwith the CK reagent,blottedgently,incubated at 30 #{176}C We estimated the precision of the CK assay with the GEMSAEC centrifugal analyzer by performing replicate interdisk determinations of CK activity on solutions containing 20, 1.7, and .0.17 U/liter. As shown in Table 1 , 40 determinations were made at each activity. The coefficient of variation (CV) was 6.48% and 7.06% at activities of 20 and 1.7 U/liter. At 0.17 U/liter, the coefficient of variationwas understandably higher (20.06%); this evidently is the lowest activity that can be reliably measured with the centrifugal analyzer. As is indicated under "Normal Values," this activity is equivalent to about 2 U of MB isoenzyme activity per liter of original sample, as determined after chromatography on DEAE-Sephadex A-SO.
Chromatography
Our firstexperiments on the chromatography of CK isoenzymes on DEAE-Sephadex A-50 were performed with use of continuous-gradient elution. The pattern for a sample of dog heart extract subjected to continuous gradient elution on a macro-column (1.2 X 25 cm) of DEAE-Sephadex A-50 is shown in Figure  1 .As can be seen, separation of the MM, MB, and BB isoenzymes was excellent. The percentages of the three isoenzymes in the homogenate were 97.2%, A, human heart; B, baboon heart; C, dog heart; 0. dog brain. One ml of extract, contaIning 1.2to 2.0 U of enzyme actMty. was applied arrows. Separation of the three isoenzymes by continuous-gradient elution from micro-columns (0.6 X 6 cm) of the anion exchanger also yielded a good, although less striking, separation of the three isoenzymes. Patterns for extracts of human, baboon, and dog heart, and dog brain, are shown in Figure 2 (A, B, C and D, respectively). Dog heart extract yielded essentially the same percentages of the three isoenzymes as those shown in Figure 1 . As expected, dog brain showed primarily the BB isoenzyme. Human and baboon heart yieldeda much greater percentage of the MB isoenzyme, amounting to 22 and 17% of the total CK activity (see also Table 2 ).
Figures 3A and 3B representmicro-gradientelutionpatternsof seradrawn from a patient about 18 and 36 h, respectively, after onset of acute myocardial infarction. Values for the total CK activity were 752 and 425 U/liter, respectively. In the 18-h sample, the MB isoenzyme represented 6.9% of the total CK activity or the equivalent of 52 U/liter. The corresponding value for the 36 h sample was 2.6% or 11 U/liter.
Although continuous-gradient elution on microcolumns was relatively fast (elution on the 0.6 X 6 cm column was performed in 40 mm as compared to 40 h on the 1.2 X 25 cm column) and yielded a graphic profile of the CK isoenzymes, it was not suitable for routine analyses because of the numerous fractions of eluate to be analyzed for CK activity. Thus in this muscle" analyzer. Accordingly, in this laboratory, the MB isoenzyme activity in sera from patients suspected of having myocardial damage caused by acute myocardial infarction, or otherwise, is simply reported as "less than 2 U/liter" whenever the estimated value is less than 2 U/liter.
Electrophoresis
SeparationofCK isoenzymesby electrophoresis on cellulose acetateyieldedresults consistent with those obtained by chromatography on DEAE-Sephadex A-50. Electrophoretic patterns of heart extracts from man, baboon, dog, and pig,containing comparable totalCK activities, are shown in Figure 4 (patterns 1-4). Human and baboon heart extracts showed significant amounts of the MB isoenzyme, while those of dog and pig showed much less, at the concentration of total CK used. The human and baboon extracts also showed a small amount of the BB isoenzyme. The MM isoenzyme from pig heart moved slightly more rapidlyto the anode than the other MM isoenzymes.Extracts from human muscle and dog brain (patterns 5 and 6) showed mainly the MM cated by continuous and discontinuous gradient elution chromatography (Table 2) . Patterns 7 and 8 representMM and MB isoenzymes isolatedfrom human heart extract. These preparationsrepresentthe peak MM and MB fractions previously obtained by continuous gradient elution on DEAE-Sephadex A-50, as shown in Figure   2A . Because 5% MB band activity is equivalent to 230 X 0.05 or 11.5 U/ liter, this represented the limit of the sensitivity that can be achieved by electrophoresis on cellulose acetate. It should be noted that this value is about sixfold greater than the limit of sensitivity that can be achieved by chromatography on DEAE-Sephadex A-50, and about 14-fold greater than the mean serum MB isoenzyme activityin normal individuals(see. above).At a totalCK activity of 390 U/liter, the correlation between "actual" and "estimated" values was still good when the MB isoenzyme activity was 5% or greater. However, at MB percentages below 5%, the "estimated" values were appreciably higher. This effectwas more pronounced at still higher total CK activities. At activities of 675, 1350,and 2025 U/liter, the "estimated" values were appreciably higher than the "actual"values, even when the MB isoenzyme activity was 30%. When the above mixtures of MM and MB isoenzymes were resolved by discontinuous gradient elution from micro columns of DEAE-Sephadex A-50, the correlation between "actual" and "estimated" values was excellent. For example, at 230 U/liter total CK activity, mixtures containing 1%, 3%, 5%, 10%, 20%, and 30% MB isoenzyme were determined as 1.2%,3.4%,4.6%,10.0%,20.4%,and 29.5%,respectively.
Although electrophoresison
Discussion
Within the lastfew years,evidence has appeared indicating that determinationof MB isoenzymes of CK isquite valuablein the diagnosisof acute myocardial infarction and in the assessment of damage sustained by the myocardium after myocardial infarction or cardiac surgery (1) (2) (3) (4) (5) (6) . In our method, CK activity in the eluates is assessed rapidly and with good precision, with use of a centrifugal analyzer. Furthermore,our evidence indicates that the method is more sensitive and precisethan is electrophoresis on cellulose acetate, particularly at low CK activities and high MM/MB isoenzyme ratios, because it allows the activity of each isoenzyme to be measured separately, or to be properly diluted if it is present in unusually high amounts.
The simultaneous development of a relatively rapid method for separating CK isoenzymes by continuous-gradient elution from DEAE-Sephadex A-SO affords a monitoring device for the routine method. As shown in Table 2 , results obtained by the two methods on a number of tissue extracts and sera showed good correlation.
Note the MB isoenzyme activity in dog heart extract, which is less than 3% of the total CK activity by both techniques. This value, which has been consistently obtained on several extracts ofdog heart, is about fivefold smallerthan that reported by Klein et al. (3) , who used electrophoresis on cellulose acetate. The discrepancy in the results is probably due to the high MM/MB ratio, which results in an overestimation of MB isoenzyme activity CLINICAL CHEMISTRY, Vol. 21, No. 3, 1975 after electrophoresis on cellulose acetate, as shown in Table 3 .
The studieson the sensitivity of CK assay on the centrifugal analyzer indicatethatthe lowestMB isoenzyme activity that can be reliably measured is 2 U/liter. Because thisvalue isgreaterthan the mean MB isoenzyme activity in serafrom normal individuals (0.80 U/liter; see Normal Values), it represents the lowestvalueabove which MB isoenzyme activity may be consideredabnormal. Studiesin this laboratory on 10 patientswho have sufferedacute myocardial infarction have shown peak serum MB isoenzyme valuesrangingfrom 16 to 90 U/liter (10) . These results are in-agreementwith thosereportedby Mercer (6), who used a similartechnique. A smallbut significant elevation in serum MB isoenzyme activity was also observed in one patient with polymyositis. This patient had a total serum CK activity of 1198 U/liter and an MB isoenzyme activity of 34 U/liter. Quite recently, significant amounts of MB isoenzyme activity have been reported in patients with Duchenne's disease, as well as other forms of muscular dystrophy (11) . Because the heart is apparently not involved in this disorder, the increased serum MB isoenzyme activity is at present unexplained.
